From Electron to Hadron Beams: New
Results on Short-Range Correlations

SN T
N

Or Hen (MIT)

FRIB Theory Alliance Colloquium,
September 8th, 2020.



-2 -

N Short-Range
Correlations
(SRC)



k-space

. l high and low c.m.

momentum compared to k.

N

r-space

Nucleon pairs that are close £ 4
together in the nucleus |



Why SRC?

Required for a high-resolution,
first principle, description of
nuclear systems &

Processes.
NN interaction from QCD High-density High-g processes

& QCD in nuclei systems (e.g. OVBP decay)




Today: Overview of present
And discussion of future



Discussion of future

Radioactive-lon Short-Range Effective scale
Beam Physics Correlations separation formalism
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Pairs < Scale Separation




Pair Distance Distributions

AV18+UX -NN -3H -°He

Cruz Torres et al., Nature Physics (2020)



Many Body = Constant x Two-Body
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Cruz Torres et al., Nature Physics (2020)
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Factorization is Position Independent
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SRC Pairs Density
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Scale Separation

NN,a NN,a o
P A (r) =C}y X ’¢NN(T)|2
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Total Dist. = Constant x Two-body
(Low-Energy) (High-Energy)

R. Cruz-Torres et al., Nature Physics (2020)

R. Weiss et al., Phys. Lett. B 780 (2018)

J-W. Chen, W. Detmold, J. E. Lynn, A. Schwenk, PRL 119 (2017)

R. Weiss, B. Bazak, N. Barnea, Phys. Rev. C 92 (2015) 14



Scale Separation and re-interactions




Lots to discuss about theory...

..but this in an experimental talk!



1. JLab
- (e,e’NN): NN interaction
- (e,e’): Pair abundances

2. JINR
- (p,2p A-2)n: fully exclusive SRCs

3. Neutron Rich Systems
- Insight from (e,e’N)
- Interpretability of (e,e’)
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High-Q? Studiesof A=2 & 3

Great success for theory!
[Cracow group]

3H works better than 3He. 1

a‘\ ¥ \;
!
Cruz Torres and Nguyen et al.,

PRL (2020)
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High-Q? Studiesof A=2 & 3

Great success for theory! 16
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High-Q? Studiesof A=2 & 3

Deuteron data can

also help understand

the high-resolution
picture...

Yero et al., arXiv: 2008.08058 (2020)
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Breakup

—— Scattered

Incident electron
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Scale Separation and re-interactions




Scale Separation and re-interactions
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Mean-field Center-of-Mass Motion
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300 — 600 MeV/c: np pairs
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Reaching the Repulsive Core
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Reaching the Repulsive Core
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Reaching the Repulsive Core
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Reaching the Repulsive Core

0.25
AV4’
0.2} —
TN

“Clee'pp) 1] N2LO =
2C(e,e'p)

0.1F

AV18 1
[)
0.05 |
%.4 Of5 016 Of? 018 Of9

) Pmiiss [GeV/c]
Schmidt et al., Nature (2020)



Nucleon Distributions Sensitivity
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Spectral function Sensitivity
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Acceptance and SCX Corrected #pN/#p

100%

10%

Neutron data consistency

i ———/—— 1 pn/p
np/p scalar limit 1
pp/p scalar limit

71| PP/P

Preliminary

400

500 600 700 800 900 1000
Missing Momentum [MeV/c]

Korover et al., arXiv: 2004.07304 (2020)

25.0%

20.0%

15.0%

10.0%

5.0%

Acceptance and SCX Corrected #pp/2#pn

0.0%

{

t

Preliminary

400

500 600
Missing Momentum [MeV/c]

700

800



Bound on SRC Dominance of high-p
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High-Momentum Scaling
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Contacts are universal!
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Theory that works for (e,e’NN)
struggles for (e,e’)
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Need to re-think our quantitative
interpretation?
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(e,e’p) to the rescue!
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SRC Dominance Onset ~ k;
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1. JLab
- (e,e’NN): NN interaction
- (e,e’): Pair abundances

2. JINR
- (p,2p A-2)n: fully exclusive SRCs

3. Neutron Rich Systems
- Insight from (e,e’N)
- Interpretability of (e,e’)




Going Inverse:
Towards Colliders & Radioactive Beams
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Scale Separation

Factorization of SRC distribution function:

f(prel: Pcm. Hrel,c.m.) ~ C(pc.m.) X Qa(prel)

11

Constant x Two-body
(Low-Energy) (High-Energy)



High-Energy lon Beam
@ JINR Nuclotron
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SRC @ BM@N

MWPC
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SRC @ BM@N: Fragment
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(p,2p)X vs. (p,2p)*'B
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Quasi-elastic: (p,2p)X vs. (p,2p)''B
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(p,2p)''B: Inelastic Vs. Quasielastic
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First Observation of SRCs
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Fragment Momenta: Pair c.m. Motion
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SRC Pair: Angular Correlation

strongly correlated pair:
nucleon momentum not
balanced by A-1

Counts

-> NN back-to-back emission
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Factorization of SRC distribution function
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f(prel: Pcm.s Hrel,c.m.) ~ C(pc.m.) X Qa(prel) 56



JINR Results

* First observation of ISI/FSI suppression using
fragment detection.

e First observation of SRCs with bound residual A-2
system:

» Direct measurement of pair c.m. motion

> Establishment of factorization!

57



1. JLab
- (e,e’NN): NN interaction
- (e,e’): Pair abundances

2. JINR
- (p,2p A-2)n: fully exclusive SRCs

3. Neutron Rich Systems
- Insight from (e,e’N)
- Interpretability of (e,e’)



Going neutron rich:

What do excess neutrons do?”

don’t
correlate?
correlate with
: ?
correlate with each other:

core protons?




Proton vs. Neutron Knockout

M. Duer

ELECTRON

N

INCIDENT
ELECTRON

DRIFT\L

CHAMBERS

TARGET
NUCLEUS
NEUTRON

*‘\ PROTON

CHERENKOV COUNTER
TIME OF FLIGHT

ELECTROMAGNETIC
CALORIMETER



Same # of high-momentum p & n
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Going neutron rich:
What do excess neutrons do?”

don’t
correlate?

corre!ate with

: L other?
correlate with eac’i ouher:
core protons?



Correlation Probability:
Neutrons saturate Protons grow
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Going neutron rich:
What do excess neutrons do?”

correlate?

corre!ate with

: L other?
\/ correlate with eacli otner:
core protons?



Protons ‘Speed-Up’ In Neutron-Rich Nuclei

Duer Nature (2018)



Precision 4943Ca (e,e’) measurements

~16% more pairs in *Ca!
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Precision 4943Ca (e,e’) measurements

~16% more pairs in *Ca!

Light Cone Fit to both Absolute XS and XS Ratio

Preliminary
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Radioactive-ion beams (R3B@GSI)

heavy-to-
light ratio!
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Next Steps in SRC studies \w Hadrons S//l;(\

HADIES

Scattered proton

* JINR * R3B

* HADES  * HESR = /=

DC(3)

Recoil  geattered TOF
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SRC pair

Beam-line Neutron detector Pair Target
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Cracow

1.JLab
- (e,e’NN): NN interaction
- (e,e’): Pair abundances
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1. JLab
- (e,e’NN): NN interaction
- (e,e’): Pair abundances
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‘Our’ SRC World
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